A structure envelope is a special type of periodic nodal surface that separates regions of high electron density from those of low electron density. Once such a surface has been generated, it can be used in combination with direct-space methods to facilitate structure solution from powder data. To generate an informative structure envelope, the phases of the structure factors of a few strong low-order re¯ections must be determined; an algorithm has been developed for this purpose. The program SayPerm combines (a) the use of errorcorrecting codes (e.c.c.'s) to sample phase space ef®ciently, (b) a pseudo-atom approximation of structure fragments to simulate atomic resolution at ca 2.5 A Ê , and (c) phase extension and phase set ranking using the Sayre equation. The effect of using a structure envelope in structure solution was ®rst tested in combination with a subroutine for ®nding zeolite topologies in the program FOCUS. Then extension to molecular structures in combination with a simulated-annealing program was explored. This resulted in the development of the program Safe and the subsequent determination of the structure of a tri-peptide (C 32 N 3 O 6 H 53 ) with 17 variable torsion angles.
Introduction
In a powder diffraction pattern, re¯ections with similar 2 values overlap, so their individual intensities cannot be determined reliably. The resulting ambiguity in the intensities of these re¯ections seriously hinders the application of traditional crystallographic methods of structure solution, which rely on an accurate set of relative intensities. Consequently, alternative approaches have been explored. In particular, automated methods that work in direct (model-building) space and use the powder pattern as a measure of the correctness of a solution have been shown to be very well suited to the problem (e.g. Shankland & David, 2002) . However, as more and more complex structures are tackled, direct-space approaches become prohibitively expensive in terms of computing time.
A possibility for extending the range of these methods was reported recently by Brenner et al. (1997) . By assigning the correct phases (h) to the normalized structure-factor magnitudes |E(h)| of just a few strong low-order re¯ections, a curved surface that separates regions of high electron density from those of low electron density can be generated. Such re¯ections are precisely those that are least likely to be involved in overlap in a powder diffraction pattern, because they lie in the low-angle region of the pattern. Thus, the powder diffraction pattern can be used to select the appropriate re¯ections to generate this surface for any given material.
The surface is generated by applying the equation &x h jEhj cos2%h Á x À h 1 to calculate a density distribution &(x). The summation is over just a few (1±10) re¯ections that are selected according to some simple rules. The re¯ections must be (i) strong low-order re¯ections, (ii) at least 0.5 FWHM (full width at halfmaximum) from neighbouring re¯ections, and (iii) selected such that all directions in reciprocal space are represented. The points at which &(x) is equal to zero (i.e. the roots of the equation) describe a periodic nodal surface (PNS; von Schnering & Nesper, 1991) quite similar to the molecular envelope used in protein crystallography (e.g. Bricogne, 1976) , which de®nes the approximate boundary between a protein molecule and the solvent. However, the number of re¯ections needed to generate this partitioning PNS is signi®cantly lower than in the protein case and the surface does not necessarily have a closed form. Nonetheless, the two are closely related, so the term`structure envelope' has been adopted for this partitioning PNS (Brenner et al., 1997) . It is easy to envisage that such an envelope could be used to advantage in combination with direct-space methods of structure solution. The structure envelope would not only serve to reduce the space in the asymmetric unit in which the atoms of a crystal structure are likely to be located (by a factor of approximately two), but its shape would also impose severe geometric constraints on the atomic arrangements possible. Thus if the form of the structure envelope were known, it could facilitate the determination of an unknown crystal structure.
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The main problem lies in the estimation of the phases of the re¯ections needed to generate the density map. In some cases, the origin-de®ning re¯ections alone are suf®cient to generate a useful structure envelope, but generally a few more are needed. The exact number required depends upon the space group and the speci®c problem under consideration. Unfortunately, phase determination using a standard direct-methods approach does not work very well, because the requirement of atomic resolution is not met, so methods designed for lowresolution data (e.g. Gilmore, 1996; Rius, 1993; Dorset, 1997) had to be explored.
First, an algorithm for estimating the phases (SayPerm) was developed and shown to yield sensible phases for the re¯ections of interest, and then a structure-envelope option was implemented in two structure-solution programs. One of these (FOCUS) is speci®c to zeolite structures (Grosse-Kunstleve et al., 1997 , while the other (Safe) is a simulated-annealing algorithm for molecular structures (Brenner, 1999) . Finally, SayPerm and Safe were applied to a tri--peptide of unknown structure (Abele, 1999) .
Phase determination
Although only a few re¯ections are needed to generate a structure envelope, the estimation of their phases is not trivial. In most cases, the origin de®ning re¯ections (o.d.r.'s) alone are not suf®cient, either because fewer re¯ections are needed to de®ne the origin than are needed to generate the structure envelope, and/or the strongest re¯ections cannot be used as o.d.r.'s. Thus a reliable method for estimating the phases of these few re¯ections had to be developed.
Routine phase determination via direct methods requires data out to atomic resolution, but the degree of re¯ection overlap in a powder pattern increases with diffraction angle, so only low-angle (low-resolution) data can be used with con®dence. Consequently, alternatives that are less dependent on resolution were sought. Encouraging results had been reported in this area by Gilmore (1996) , using a maximumentropy algorithm, and by Rius (1993) , using a modi®ed tangent formula. Both involve multisolution approaches that exploit the computing power that is now readily available. Dorset (1997) had also shown that a combination of the Sayre equation with a pseudo-atom approximation could be applied to very low resolution electron diffraction data from proteins. By adapting the latter to smaller structures and powder diffraction data and combining it with a multisolution (phase permutation) approach it was hoped that the phase problem could be overcome.
Sayre equation
For a structure of identical and non-overlapping atoms, the electron density &(x) and its square & 2 (x) are quite similar. The structure factors of the`squared' structure F sq h can be calculated using the equation
where (h) is the function describing the change of the atomic shape from the true to the`squared' atom. Using this concept, Sayre derived the fundamental relationship
where V is the volume of the unit cell (Sayre, 1952) . By applying this equation, it is possible to calculate the amplitude and phase of each structure factor F(h) from all other structure factors having a triplet relationship with F(h). This is the basis for phase extension from a set of starting phases. Strictly speaking, the Sayre equation is valid only for structures of identical and resolved atoms, but it holds reasonably well over a large range of conditions (Glover et al., 1983) . In combination with other approaches, this equation has proven to be a powerful tool in structure determination from low-resolution data sets [e.g. polymer structures from powder data (Dorset, 1996) or protein structures from electron diffraction data (Sayre, 1972; Dorset, 1997) ].
Pseudo-atoms
Sayre (1972) showed that the atomic shape function (h) can also be modi®ed to compensate for data incompleteness. The data have to be transformed in such a way that atomic resolution is simulated. The Sayre equation can then be applied as a phase extension tool with low-resolution data.
The assembly of globular subunits in a protein, for example, can be treated as pseudo-atoms for the normalization of the observed electron diffraction intensities (Harker, 1953) . With data from bacteriorhodosin, Dorset (1997) demonstrated that a multisolution approach via a special form of the Sayre equation could be used to estimate the phases to 6 A Ê resolution. This pseudo-atom strategy can also be adapted to structure determination of smaller inorganic structures. The SiO 4 tetrahedra in a zeolite, for example, can be treated as pseudo-atoms. The diameter of the pseudo-atom corresponds to the diameter of an SiO 4/2 tetrahedron. By assuming that the structure consists of pseudo-atoms, data with d values lower than the diameter of the pseudo-atom can be omitted and the requirement of atomic resolution is still met. The pseudo-atom approach is well suited for the estimation of the phases of lowresolution data for structures consisting of one kind of building unit (e.g. octahedra, tetrahedra). Fragments in organic molecules whose non-hydrogen atoms have similar scattering power (e.g. C, N, O) can also be replaced by pseudoatoms with an appropriate diameter.
Phase permutation using error correcting codes (e.c.c.'s)
For phase extension, a basis set of re¯ections whose phases are known are needed. The phases of origin-de®ning re¯ections and enantiomorphs can be ®xed arbitrarily, and additional phases might be obtained experimentally (e.g. from an HRTEM image). Any further phases in the starting phase set have to be permuted. In the centrosymmetric case, sign permutations are suf®cient. So, if N phases are permuted, 2 N phase sets are generated (e.g. 16 384 permutations for 14 re¯ections). For each of these 16 384 phase sets, a phase extension and a calculation of a ®gure-of-merit have to be performed. This is very time consuming, but for fast computers still feasible within a reasonable amount of time. However, for a non-centrosymmetric structure, phase permutation for fourteen re¯ections using quadrant permutation (%/4, 3%/4, 5%/4, 7%/4) requires the calculation and evaluation of billions of phase extensions and ®gures-of-merit, and that exceeds the computer capacity of most laboratories.
If the phases are permuted systematically, all points in phase space, which has the dimension of the number of phases permuted, are visited. A more intelligent approach would be to visit just a small number of well chosen points in phase space. That is, phase space needs to be sampled in steps large enough to be ef®cient, but small enough to see all relevant features. The magic-integer approach (White & Woolfson, 1975) and error correcting codes (Shannnon & Weaver, 1949) have been used to achieve such ef®cient sampling (Bricogne, 1997; Gilmore, 1999) .
As early as 1954 , Woolfson (1954 demonstrated that sixteen combinations of phases (signs) for seven re¯ections could be generated in such a way that none of the 2 7 = 128 possible combinations of signs differed from one of these 16 combinations in more than one place. That is, one of the 16 sets would have at least six (and perhaps seven) correct phases. In the two-dimensional Fourier maps generated from each of the 16 phase sets, expected features of the structure (¯ourine) were sought to establish the correct one. In the generation of these 16 sign combinations, the seven-dimensional phase space was sampled rather completely. Woolfson did not note a link to error correcting codes (e.c.c.'s), but the code used for the generation of the 16 sign combinations is the same as the Hamming [7, 4, 3] e.c.c.
One of the most powerful e.c.c.'s is the Golay [24, 12, 8] code, which provides a way of varying the phases of 24 centrosymmetric re¯ections, such that one of 4096 combinations (of 2 24 = 16 777 216 possible sets) will have a maximum of four incorrect signs. The same Golay code can also be used to permute the quadrant phases of 12 acentric re¯ections. A good introduction to this fascinating subject, which is also understandable to non-mathematicians, can be found in a work by Bricogne (1997) .
SayPerm program
The combination of the Sayre equation, the pseudo-atom method and phase permutation using e.c.c.'s has been implemented in the program SayPerm (Brenner, 1999) . The program is written in ANSI-C and all space-group information needed is provided by SgInfo (Grosse-Kunstleve, 1998). SayPerm uses a multisolution approach, where a large number of phase sets are generated by e.c.c. phase permutation and extended and ranked by assuming the Sayre equation to be valid. The primary ®gure-of-merit used for the ranking is the validity of the Sayre equation itself.
Data preparation
The whole SayPerm procedure is represented in the¯ow diagram in Fig. 1 . The cell parameters, the space group, the scaled structure-factor amplitudes, the overall displacement factor, and the diameter of the spherical pseudo-atom are used as input. After a transformation of the structure-factor amplitudes F(h) to those of a point atom structure F point (h), the pseudo-atoms are introduced by a modi®cation of the scattering-factor function f. In the present approach, a spherical pseudo-atom with a density function Flow chart for the phase-estimation program SayPerm.
atom structure F sq pseudo h are needed. The squared pseudoatom is described by a density curve & sq pseudo r expÀ2b%r 2 X 6
Fourier transformation of this function yields the scatteringfactor curve for the squared pseudo-atoms, f sq pseudo 1ab2b 1a2 expÀ%h 2 a2bY 7 from which F sq pseudo h can be derived.
Phase extension
This modi®ed set of structure-factor magnitudes is then divided into a basis set {H 1 } and up to three additional subsets. The basis set consists of structure factors for which the phases are either known (from o.d.r.'s, enantiomorphs) or assumed to be known. The latter are generated by phase permutation. The number of phases permuted depends upon the computer power and/or on the permutation method. For example, if the phases are permuted using an e.c.c., only a prescribed number of phases (dependent upon the speci®c code used) can be permuted. From the basis set {H 1 }, the phases are extended to the second phase subset {K 1 }. Combining equations (2) and (3) gives
and the phase extension from the phase set {H 1 } to {K 1 } is performed using
An R value describing the discrepancy between jF sq Sayre j (structure-factor amplitudes of the squared pseudo-atom structure calculated using the Sayre equation) and jF sq obs j (structure-factor amplitudes of the squared pseudo-atom structure derived from measured data),
R
jF sq obs j À jF sq Sayre j jF sq obs jY 10 is then calculated. jF sq 000j is excluded from this calculation. If the R value is lower than the value de®ned in the input, the subsets {K 1 } and {H 1 } are merged to form a new phase set {H 2 }. The phases from {H 2 } are then again extended to the next phase subset {K 2 }. This procedure is repeated until each subset of structure factors is phased.
Phase set evaluation
Once all structure factors have been assigned phases, a consistency test using the Sayre equation follows. Here again, the phase (excluding the o.d.r.'s and enantiomorphs) and amplitude of each structure factor are calculated and the phase modi®ed if necessary. This procedure is repeated for several cycles until the R value has converged. At this point, the structure-factor amplitudes of overlapping re¯ections could also be estimated, but in practice the extension tends to be unstable and misleading if low-resolution data are used. Such calculations should only be performed if data of higher quality are available and most of the phases of the structure amplitudes extracted from non-overlapping re¯ections are correctly determined.
The R value is the main criterion used to perform the initial ranking of the phase sets. If there are several`best' phase sets with similar R values, each must be evaluated. A good indicator in the centrosymmetric case is the ratio of positive to negative structure factors. If no atoms are expected at the origin, this ratio should be about 1:1, otherwise large electron densities will appear at the origin of the Fourier map. Phase sets can also be discarded if the corresponding Fourier maps contradict known chemical information (e.g. the experimentally determined size and dimensionality of a zeolite's channel system or the approximate shape of an organic molecule).
It must be borne in mind that although data out to ca 2.5 A Ê are used in the phase determination procedure, the purpose of the SayPerm algorithm is to determine the phases of just a few strong non-overlapping low-order re¯ections, which are needed to generate a structure envelope. These phases tend to be correct (usually in several of the top solutions), but the data are of insuf®cient quality to guarantee that the phases of the other re¯ections have been estimated reliably.
4. Direct-space search for a structure within a structure envelope Once a phase set has been selected, the corresponding structure envelope can be generated and that in turn can be combined with any of the direct-space methods of structure determination. The number of possible combinations of structure-fragment positions, orientations and conformations can be reduced dramatically if the form of the structure envelope is taken into account in these algorithms. To test the effect of the structure envelope on structure solution, it was implemented in two programs, one speci®c to zeolite framework structures and the other to molecular compounds.
Test structure ITQ-1 (MWW framework type)
The structure of the aluminosilicate zeolite MCM-22 (MWW framework type) was originally solved by model building (Leonowicz et al., 1994) . Later, Camblor et al. (1998) reported the synthesis of a highly crystalline pure silica analog ITQ-1 and its structure was re®ned using synchrotron powder diffraction data. Those data, collected on the Swiss Norwegean beamline (SNBL) at the European Synchrotron Radiation Facility (ESRF) in Grenoble, were also used for some SayPerm test calculations. The intensities were extracted using the EXTRACT module (Baerlocher, 1990) in the XRS-82 Rietveld re®nement package (Baerlocher & Hepp, 1982) . To scale the structure-factor amplitudes, the Xtal module GENEV (Hall & Subramanian, 1995) was used with the displacement factor ®xed at B = 2.0 A Ê 2 .
4.1.1. Structure-envelope generation. Re¯ection intensities up to a resolution of 2.7 A Ê were extracted from the powder pattern and input to the SayPerm procedure. The 72 re¯ections were divided into four subsets for the stepwise phase extension. Using a doubled Hamming [7, 4, 3] e.c.c., 16 2 = 256 phase permutations were examined and a Fourier map from the re¯ection set having the lowest R value was generated. The highest electron densities were found to be very close to the (already known) positions of framework atoms ( Fig. 2a ). Although four of the eight Si atoms can be seen directly, it would not be possible to construct the entire framework structure from the Fourier map alone. Of the 71 non-origin-de®ning re¯ections, the phases of 23 were incorrectly determined. However, all strong low-order re¯ections, which would be used to generate a structure envelope, were phased correctly (Table 1) . A very informative structure envelope could be calculated from just four structure factors (Fig. 2b) , and this was subsequently used to limit the search volume in a direct-space structure determination procedure. 4.1.2. Combination of the structure envelope with the program FOCUS. To build a zeolite framework model on just one side of a structure envelope, an intelligent model-building algorithm is required. Such an algorithm is available in the program FOCUS, where the information that zeolite frameworks consist of corner-sharing TO 4 tetrahedra (T is a tetrahedrally coordinated cation such as Si or Al) that form three-dimensional four-connected frameworks is used in an automatic topology search routine (Grosse-Kunstleve et al., 1997) . Given a list of potential atomic positions, this topology search algorithm seeks framework structures that are consistent with the space group and cell parameters given.
For small structures, the list of potential T-atom nodes can be a simple grid of points within the asymmetric unit, and that is suf®cient to ®nd a chemically reasonable framework. However, as the size of the structure (i.e. number of T atoms in the asymmetric unit) increases, the time required for such a grid search becomes formidable. In the FOCUS program, this problem is addressed by using the re¯ection intensities extracted from the powder diffraction pattern to generate an electron density map, whose peaks are used as potential nodes. The initial phases for each cycle are random, but these are then modi®ed in a Fourier recycling loop. It was hoped that by introducing a structure envelope to de®ne the region within the asymmetric unit in which the framework was to be sought, a topology search for even more complex structures would become feasible.
To test the effectiveness of using a structure envelope as a mask, an additional subroutine was implemented in the original algorithm. For the initial tests, a simple grid search was used. By considering only those grid points located on the positive side of the structure envelope in the topology search, the amount of computer time required could be reduced by as much as two orders of magnitude (Brenner et al., 1997) .
In the case of ITQ-1, a series of structure envelopes were calculated using an increasing number of re¯ections and the phases obtained from SayPerm (see x3). With the structure envelope generated from just the origin-de®ning re¯ection, a grid search did not yield a reasonable framework structure. Similarly, when one or two more re¯ections were added, no geometrically feasible framework was found. However, with the structure envelope generated from just four re¯ections (Fig. 2b) , a sensible result was obtained in 27 min of CPU time. Of the 24 possible topologies generated, only the MWW framework was found to have a satisfactory geometry. The search was then repeated without the structure envelope for comparison. After 72 h of CPU time, that search was still not ®nished. Thus, in the case of ITQ-1, the structure envelope proved to be essential for structure solution with a simple grid search procedure.
However, the full power of the FOCUS program had not been exploited. The next step was to use a structure envelope in combination with the Fourier recycling loop of the FOCUS program. In this case, the structure envelope was used to weight the peaks found in the electron density map, with those within the envelope being given more weight than those outside. Only the highest peaks (to a prescribed level) are used in the topology search. In this way, strong peaks outside the envelope were not excluded completely.
This strategy was applied to the very complex test structure ZSM-5 (MFI framework type) with 12 Si and 26 O atoms in the asymmetric unit (a = 20.1, b = 19.9, c = 13.4 A Ê , space group Pnma). High-resolution synchrotron powder diffraction data collected on the SNBL at the ESRF were used for the intensity The framework structure of ITQ-1 with (a) an isosurface (80% of maximum Fourier peak) generated using 72 re¯ections and (b) a structure envelope generated using just four re¯ections ({002}, {101}, {002} and {102}). Phases for all re¯ections were estimated using the program SayPerm. Table 1 Phases found with SayPerm for ITQ-1.
The re¯ections used to generate the structure envelope in Fig. 2(b) The tri--peptide Boc-(2R,3S)-2,3 -HVal(-Me)-(2R,3S)-2,3 -HAla(-Me)-(2R,3S)-2,3 -HLeu(-Me)-OBn is a highly insoluble compound and is therefore dif®cult to recrystallize (Abele, 1999) . Nonetheless, it was important for the synthetic chemist to know whether or not the molecules formed beta sheets, and because only a polycrystalline material could be prepared, powder diffraction techniques had to be applied. Powder diffraction data were collected in transmission mode (0.3 mm capillary) on a high-resolution laboratory powder diffractometer (Stoe Stadi P) using CuK 1 radiation and a small linear position-sensitive detector. The crystallinity of the powder was suf®cient to obtain data up to a resolution of ca 1.8 A Ê (50 2).
4.2.1. Structure-envelope generation. The pattern was indexed initially using the program TREOR (Werner et al., 1985) , and the indexing was later con®rmed with the program DICVOL (Boultif & Loue È r, 1991). With both approaches, a high ®gure-of-merit, indicative of the correctness of the cell (orthorhombic, a = 61.03, b = 11.18, c = 5.08 A Ê ), was obtained. The most probable space groups (P2 1 2 1 2 and P2 1 2 1 2 1 ) were established by examining the data for systematically absent re¯ections and by using the information that the compound investigated was enantiomerically pure (i.e. centrosymmetric space groups could be excluded). Density considerations indicated that the asymmetric unit would contain just one molecule.
The intensity extraction and the scaling of the structurefactor amplitudes were done in the same way as for the ITQ-1 sample. To test whether or not the structure could be solved using a direct-methods program in a straightforward manner, the intensities were extracted assuming ®rst one and then the other space group (P2 1 2 1 2 and P2 1 2 1 2 1 ), and input to the EXPO program (Altomare et al., 1999) . A crystal structure consistent with the chemical information available could not be recognized from the solutions presented. This was certainly caused in part by the low quality and insuf®cient resolution of the data. In other words, the problem appeared to be an ideal The two-dimensional density map for the tri--peptide generated (a) using all 52 hk0 re¯ections and the phases from the best SayPerm phase set, and (b) using just the seven strongest low-order re¯ections (see Table  2 ). The more positive regions of the maps, where atoms would be expected, have been shaded in gray. Zero (dotted) and higher level contours are also shown in (a). Note that the form of the molecule cannot be discerned in (a), but is readily apparent in (b). The ®nal structure is overlaid in (b) for comparison. Table 2 Phases found with SayPerm for the tri--peptide.
Only the ®rst three of the four subsets are listed. The seven re¯ections used to generate the structure envelope in Fig. 3(b) are marked by *, and incorrectly estimated phases by #. Centrosymmetric phases from SayPerm (9 SayPerm ) have been transformed to re¯ect the origin shift (1/4 in x) for P2 1 2 1 2 1 . one for testing the effectiveness of the structure-envelope approach.
The unit cell has quite a long a axis (61.03 A Ê ) and a very short c axis (5.08 A Ê ), so it was expected that the projection along the short c axis would show the main features of the structure such as the shape and the packing of the molecules. Moreover, this particular projection (plane group p2gg) is common to both of the possible space groups and is centrosymmetric. Thus the selection of the space group could be postponed until further information could be obtained, and only the phases of centrosymmetric hk0 re¯ections were needed to generate the structure envelope for this projection.
In the case of organic compounds, it is not usually possible to assign a pseudo-atom to a speci®c group of atoms in the molecule. Nevertheless, a pseudo-atom with a diameter of 2.5 A Ê (approximately the diameter of a methyl group) can often be used to approximate a low-resolution structure. This approximation is, of course, of lower quality than the tetrahedron or octahedron replacement discussed earlier. However, it was hoped that the validity of the Sayre equation would hold and allow a suitable phase combination to be found.
The 52 hk0 re¯ections up to a resolution of 2.5 A Ê were divided into four subsets and input to the SayPerm program. The 24 strongest non-overlapping re¯ections were chosen for the basis set (subset 1 in Table 2 ) and their phases were permuted using the Golay [24, 12, 8] code. These were then extended to the other subsets in a stepwise procedure. Of the 4096 phase sets generated, just 81 showed a stable behaviour during the consistency check after phase extension, and these were then evaluated in full. The full run required just 10 min of CPU time.
The 81 sets were ranked by R value and a Fourier map was calculated from the best set ( Fig. 3a) . In this Fourier map (calculated using all 52 hk0 re¯ections), it was impossible to recognize any relationship between the appearance of the map and a reasonable packing of the molecules. This is no doubt due to the fact that 22 of the 52 phases were incorrect. However, by following the rules described brie¯y in the x1 (for more details see Brenner et al., 1997) , a structure envelope with a chemically reasonable form for the molecule became visible when just the seven strongest low-order re¯ections were used (Fig. 3b, Table 2 ). A subsequent check showed that the phases of all of these re¯ections had been estimated correctly.
Simulated annealing and fragment search within an envelope (Safe).
To test the effect of using a structure envelope in molecular structure determination, an algorithm combining simulated annealing (Kirkpatrick et al., 1983) and fragment search was used. This has proven to be a powerful method for solving relatively complex organic crystal structures from powder data (e.g. David et al., 1998; Andreev & Bruce, 1998; Engel et al., 1999; Pagola et al., 2000) . The only degrees of freedom in the search are the position (X, Y, Z) and orientation (Â, È, É) of the molecule(s) within the asymmetric unit and the variable torsion angles (( 1Àn ) within the molecule(s). The bond length and angles are usually well known from thousands of related crystal structures and can be included as known values, but where necessary can also be treated as additional variables.
Although this use of internal coordinates reduces the number of free parameters needed to describe the crystal structure, it is still a challenge to ®nd the combination of parameters that corresponds to the global minimum of the pro®le R value (R wp ) or the goodness-of-®t function. By restricting the number of free parameters and/or the range(s) in which they can vary, a much more ef®cient search for the correct set of parameters can be conducted, and this is how a structure envelope can be used to facilitate structure solution. The envelope describes the coarse features of the molecular crystal structure and can be used to evaluate the probability of any given parameter set. Furthermore, the structure envelope provides information that can be used to ®nd optimal starting values for the free parameters.
To implement the structure-envelope approach in a simulated-annealing-controlled fragment search, the program Safe (simulated annealing and fragment search within an envelope) was developed (Brenner, 1999) . Fig. 4 shows the¯owchart of the complete Safe procedure. It provides the usual simulatedannealing-speci®c parameters, various checks on the chemical feasibility of each model generated, and a calculation of the ®t of the simulated powder pattern to the measured one. The special feature of Safe lies in its use of a structure envelope for the calculation of a combined ®gure-of-merit. To do this, the value of a penalty function P 0 for s i b s limit i s limit À s i as limit À s min for s i s limit & 11
is calculated, where s i is the density at grid point i in the map used to generate the structure envelope, s limit is the value of the isosurface used to de®ne the envelope, and s min is the minimum density in the map. The positions of the atoms of the trial structure are assigned to the nearest grid point. Those grid points that lie inside the structure envelope (i.e. s i > s limit ) are set to zero. The summation of s i over all atoms gives the penalty value P. The lower this value, the better the model ®ts the envelope. The weighted pro®le R value and the envelope penalty value can be used either separately or in combination to derive the ®gure-of-merit for a trial structure. If the structure envelope is used to ®nd a favorable starting model for a new Safe run, only P is used. In the Safe run itself, R wp and P can be combined to calculate the ®gure-of-merit FOM wR wp 1 À wPY 12
where w is a weighting factor that can be adjusted depending upon the probability that the envelope is a useful one. In this way, the minimization can be performed while the molecule is encouraged to stay within the structure envelope. 4.2.3. Application of Safe to the tri-b-peptide. The application of the SayPerm procedure to the tri--peptide (x4.2.1) allowed a two-dimensional structure envelope to be generated (Fig. 3b ). From this projection along the [001] direction, the coarse shape and the packing of the molecules could be discerned, but the envelope is, by de®nition, of low resolution. Various conformations of the molecule could ®t inside the envelope, so the automatic approach in Safe (with w = 0) was used to ®nd a number of different optimized conformations. This had to be done in both of the two possible space groups, P2 1 2 1 2 1 and P2 1 2 1 2.
If all torsion angles (Fig. 5 ) in the molecule were to be varied freely in the simulated-annealing process, a large number of chemically unreasonable models would be produced and computer time wasted. By using the information that certain molecular fragments, such as phenyl rings and peptide groups, have planar geometry, some of the torsion angles in the -peptide molecule could be ®xed. Furthermore, the structure envelope suggested that the molecule is more or less straight, so torsion angles that would produce a U-turn or a zigzag form could be excluded. Because the molecule is approximately straight and the c axis is short, hydrogen bonding parallel to this axis was expected. This means that the CO groups of the peptide linkages must all lie on the same side of the molecule. These considerations led to eight torsion angles being allowed to vary freely (360 ) and nine within a limited range (60 ). Molecular conformations that ful®lled these criteria and ®tted the two-dimensional structure envelope were used as a starting trial structures in subsequent simulated-annealing runs.
First some tests to ®nd appropriate parameters for the annealing control were performed. Then the variables were optimized using a combined ®gure-of-merit (0.7R wp + 0.3P) and many different starting models. The relative weighting of the powder diffraction data to the structure envelope was chosen to emphasize the information in the data without neglecting the probable packing of the molecules. Typically, ca 80 000 trial structures (moves) were generated before the temperature had been reduced to a point where escape from the minimum was no longer possible. The signi®cant change from the starting to the ®nal structure for one of these Safe runs is shown in Fig. 6 . All of the more successful runs approximated this ®nal solution. Both possible space groups were tried, and both yielded comparable combined ®gures-ofmerit, so re®nement of both models was necessary to establish the correct space group.
4.2.4. Rietveld refinement. The atomic coordinates of the two models were re®ned using the XRS-82 program package (Baerlocher & Hepp, 1982) . To keep the number of variables The chemical structure of the tri--peptide Boc-(2R,3S)-2,3 -HVal(-Me)-(2R,3S)-2,3 -HAla(-Me)-(2R,3S)-2,3 -HLeu(-Me)-OBn.
The torsion angles marked with arrows were allowed to vary in the range speci®ed in the simulated-annealing runs.
Figure 6
The starting conformation for the tri--peptide molecule at the beginning of one of the Safe runs (black) and its conformation at the end of the run (gray). as low as possible, H atoms were simply approximated by increasing the occupancy and displacement parameters of the corresponding C or N atoms appropriately. A total of three displacement parameters were re®ned. The R values obtained assuming the space group P2 1 2 1 2 1 (R F = 0.130, R wp = 0.128, R exp = 0.045) were signi®cantly lower then those found with P2 1 2 1 2 (R F = 0.160, R wp = 0.193, R exp = 0.045). This is also consistent with expectations based on the frequency of these space groups observed in the literature. The ®nal parameters of the re®nement in P2 1 2 1 2 1 are given in Table 3 , and the corresponding Rietveld plot in Fig. 7 . The molecules form beta sheets in the z direction ( Fig. 8) and pack in the herringbone fashion indicated by the structure envelope (Fig. 3b) . The structure is consistent with a single-crystal structure analysis of a related tri--peptide ester that was performed while this work was in progress (Seebach et al., 1999) .
The relatively high R values probably result from an inconsistency in the data. At an early stage in this structure analysis, a high-resolution synchrotron data collection (SNBL at ESRF) was attempted. Not only did those data not have a signi®cantly higher resolution than the laboratory data, the sample appeared to undergo a phase transition during the measurement. The positions of the peaks and some of the intensities changed as the data were collected, so these synchrotron data could not be used for structure analysis. It is possible that a similar, but more subtle, change occurred during the laboratory measurement. Unfortunately, no fresh sample was available for a low-temperature data collection. Nonetheless, the re®ned structure describes the packing and the molecule's approximate conformation quite well. Certainly, the question as to whether or not the polypeptide molecules form a beta sheet along the c axis could be answered quite de®nitively.
Conclusions
Using just a few re¯ections from the low-angle region of a powder diffraction pattern, a structure envelope that parti- Observed (top), calculated (middle) and difference (bottom) pro®les for the Rietveld re®nement of the tri--peptide.
Figure 8
The ®nal structure of the tri--peptide (C 32 N 3 O 6 H 53 ) showing the beta sheet structure. See Fig. 3(b) for the molecular packing. Table 3 Positional, occupancy and displacement parameters for the tri--peptide.
Numbers in parentheses are the e.s.d.'s in the units of the least signi®cant digit given. Parameters without e.s.d.'s were held ®xed in the re®nement. The occupancy parameters for the C and N atoms were increased according to the number of H atoms attached. Displacement parameters with the same superscript (a, b or c) were constrained to be equal. (2) À0.060 (7) 1.00 0.039 (8) a C38 0.7856 (2) À0.091 (1) À0.064 (5) 1.00 0.039 (8) a C39 0.7979 (7) À0.115 (4) 0.196 (9) 1.50 0.077 (8) c C40 0.7666 (4) À0.177 (2) À0.086 (9) 1.50 0.077 (8) c C41 0.8008 (7) À0.106 (3) À0.303 (9) 1.50 0.077 (8) c tions the unit cell into regions of high and low electron density can be generated. The program SayPerm, which has been developed to estimate the phases of these re¯ections, combines (a) the concept of a pseudo-atom to simulate atomic resolution with low-resolution data, (b) the use of errorcorrection codes to obtain an ef®cient sampling of phase space, and (c) the Sayre equation for phase extension and phase set ranking. The SayPerm approach works reliably for small and medium-sized structures that can be treated reasonably well as pseudo-atom structures. Such a structure envelope can be used to advantage in combination with direct-space approaches to structure solution, because it not only reduces the volume of the asymmetric unit in which a direct-space search should be conducted by a factor of approximately two, but its shape also imposes a severe geometric restriction. Its bene®t has been demonstrated in combination with the program FOCUS for zeolites and with the simulated-annealing program Safe for organic molecular structures. By using the structure-envelope restriction in the program Safe, the solution of the very large structure of a tri--peptide with 41 non-hydrogen atoms in the asymmetric unit and 23 degrees of freedom (three for position, three for orientation and 17 torsion angles) became possible.
